In this study, the potential of near infrared heating (NIR) is assessed experimentally in comparison to forced air heating. To this end the night time heating needs for two identical, scaled down, experimental greenhouses located in central Greece were monitored for one thermal period. Four IR electric lamps were used to heat the first greenhouse whereas the second one was equipped with an electric forced air heater and an electric fan which was used for the homogenization of the temperature distribution. The output of several thermocouples located at the canopy area, on the cover and in the greenhouse air in both greenhouses were recorded every minute and 10 minutes averages were stored on a data logger, along with parameters characterizing the outdoors macroclimate, including outside and sky temperatures, wind speed and relative humidity measured by a suitable meteorological mast. The two heating systems were operated automatically to keep a reference temperature at the canopy within certain limits during nights (14-16 °C), suitable for the growth of lettuce, which was used as the test cultivation. Both heating systems maintained successfully the required conditions at the canopy for the growth of the plants. The energy consumption was recorded based on the time of operation of the heating systems. The internal air temperature in the IR heated greenhouse was always several degrees lower than the reference temperature of the plants resulting in significant energy consumption savings for the IR heated greenhouse. Savings of 38-50% were measured for the IR system in relation to the consumption of the conventionally heated greenhouse during the thermal period summing up to a total mean of 43%.
INTRODUCTION
The objective of greenhouse heating is to maintain the canopy at an optimum temperature range, as nearly all crop recommendations are based on the temperature required for best growth. Since the optimization criterion is the efficiency of production, the impact of the heating system on the microclimate of the canopy in general but also on the operational and servicing procedures has to be taken into account. To accomplish its mission a heating system has to supply to the canopy the necessary heat to compensate its losses. A heating strategy should therefore aim to minimize heat losses from the plants and provide the necessary heating to the canopy.
Conventional greenhouse heating systems are based either on the circulation of hot water through a piping system or on the direct use of air heaters (Bartzanas et al., 2005) . In these cases heating is supplied to the greenhouse air which is maintained at IHC-2010, 28 th International Horticultural Congress, Lisboa, Portugal, temperatures close and a little higher than the value targeted for the plants. To avoid temperature stratification due to buoyancy, conventional systems have to be combined with horizontal airflow fans to circulate air and obtain a more even temperature distribution. Besides consuming energy the fans increase heat losses from the plants and the cover and they may also increase disease spreading. The design and operational objective of conventional systems is to maintain the temperature of air in the greenhouse at the temperature which is optimal for the plant growth.
In the greenhouse industry, infrared heating is largely unknown or misunderstood (Stone and Youngsman, 2006) , despite some early attempts to verify its advantages (Itagi and Takahashi, 1978 , Blom and Ingratta, 1981 , Rotz and Heins, 1982 . Current trends (Nelson 2003 , Kavga et al. 2008 , 2009 ) indicate that it is worth to reconsider it as a reasonable alternative to conventional forced air or pipe heating. Radiative heating is based on a different concept in comparison with conventional systems and therefore calls for a reorientation of previous analysis of the energy fluxes in a greenhouse. Since radiation allows directional control, radiative heating can be used to focus the heat flux on the canopy to maintain it within the required temperature range. To accomplish this goal the heating flux should compensate for the canopy losses by convection to the greenhouse air and by radiation to the cover and the soil. The most explicit example of the radiative heating concept is probably the heating of earth by the sun. Sun radiation establishes close to the ground temperatures suitable to sustain the ecosystem whereas at higher altitudes the temperature of the atmosphere is several tens of degrees lower.
The heat flow within both systems is outlined in the Sankey diagrams (Schmidt, 2008) in figures 1 and 2. The diagrams are based on the use of electricity for heating, forced air heaters representing a conventional system and Infra Red (IR) lamps used in the radiative system. The diagrams are also representative of core energy flow of systems utilizing burners although in these cases secondary energy flows such as boiler and transmission line losses or losses due to high temperature of flue gases should be also taken into account. The Sankey diagrams are also indicative of side-effect losses associated with each heating principle, the high convection losses due to the heating of greenhouse air in the case of conventional heating and the convective losses at the source or radiative losses to the soil due to poor directionality in the case of radiative heating.
In the present work the results of a previous study (Kavga et al. 2009 ) are extended utilizing two identical greenhouses to test each one of the heating options. The parallel operation of the two greenhouses along with real time measurements of the energy consumption allows for a direct comparison of the two heating systems and the investigation of the influence of the macro-climatic properties on the IR potential.
MATERIALS AND METHODS
Two identical scaled down experimental pilot span greenhouses were used, each one as the test bed of the two heating options that were considered namely, forced hot air heating (FA) and IR heating (Fig. 3) . Both greenhouses were constructed of an aluminium framework, with 3 mm thick low emissivity glass panels (Low-E) as covering material. They had the same orientation and were located in the same field with a significant distance between them to avoid mutual interference.
The maximum thermal requirements for the experimental greenhouses were estimated using the simulation model that has been developed by Kavga et al (2009) for plant temperature Tp = 15°C and outside conditions for the greenhouses' geographical location, temperature To = 0°C and wind speed WS = 1m/sec. Based on these estimates of heat losses different heating systems had been implemented in each greenhouse. The first was a forced air electric heater with nominal power levels 1, 1.2 and 2 kW, accompanied by a small horizontal fan to circulate air and obtain a more even temperature distribution. The second utilized four incandescence IR lamps, with blown-bulb reflectors, of nominal power 250 W each and 50° beam angle, located at the four corners of the greenhouse, 1 m over the ground. The IR lamps were made of hard glass with high mechanical strength and resistance to thermal shocks (e.g. water splashes). They emit a high proportion of infrared light and a low proportion of visible light. Measurements indicate a 60 % conversion of energy to thermal radiation and a sufficiently uniform heat flux pattern for the cultivation of the plants, which grew evenly in the greenhouse. Similar automatic ventilation systems had been installed in both greenhouses to prevent overheating, which very rarely have turned on in winter and only during daytime.
In both greenhouses interior microclimate parameters including the temperature at several locations at the canopy, in the greenhouse air and on the inside and outside surface of the cover, as well as the relative humidity and the radiation fluxes were monitored with suitable instrumentation depicted in Fig. 3 and outlined in Table 1 . All thermocouples were shaded to avoid radiation bias, whereas thermocouples measuring canopy temperatures were attached under the lower side of the lower leaves. The outdoor environmental conditions including temperature, wind speed, relative humidity, sky temperature and rain were monitored at a height of 2.50 m above the ground, on a meteorological mast close to the greenhouses. All data were scanned every minute and 10 min averages were stored on a data logger which was also used for the control of the heating and ventilation systems' operation. Attention was focused on greenhouse performance during the night, when the heating systems were automatically turned on. Overall night-time mean values were also computed from the respective time series, based on the interval between the steep temperature changes at sunrise and sunset. Two electronic watt meters were used for the recording of energy that was consumed by the heating systems in the experimental greenhouses.
EXPERIMENTAL RESULTS
Experimental results for the parallel operation of the greenhouses during a heating period of 70 days are presented next. The climatic conditions in the region where the greenhouses are located seldom require heating during daytime. Therefore this work focuses on night-time heating, for which statistically significant measurements could be collected.
Greenhouses thermal performance using night mean values
The mean values for each night of the weather variables and the temperatures characterizing the climate in each greenhouse are presented in Fig. 4 . The mean wind speed was usually close to 1 m/s during the heating period, and reached at most 5 m/s only for a few nights. The absolute humidity ranged between 4-9 g/m 3 and its lowest values may be associated with rather windy nights. The relative humidity was for several nights close to 90% and following the dips of the absolute humidity, in relation also to the outside temperature, reached values close to 50%. The sky temperature ranged between 255 °K (during clear, cold nights) and 285 °K (taking values close to the outside air temperatures in cloudy nights). Whereas in both systems the canopy temperature was successfully kept at 15°C, the air temperature in the forced air heated greenhouse was always higher reaching in some cases values close to 2°C over the canopy temperature, especially in cold nights. The air temperature in the IR heated greenhouse was always lower than the canopy temperature and the difference was increased during cold nights. The cover temperature in the case of the IR heated greenhouse was usually close to the outside temperature, only a few degrees higher. The energy consumption for each night confirmed the advantages of IR heating. The corresponding savings varied between 38-52% with a mean value around 43%.
Dependence of IR savings on climatic conditions
The statistical dependence of IR heating savings on the climatic and weather conditions is investigated next, based on the average values for each night. In the graphs depicted in Fig. 5 , linear fitting curves are used to indicate possible dependences. Despite the rather small correlation indicated by the low R-squared factor, Fig. 5 .a probably verifies a weak dependence of the IR savings on the outside temperature. The savings seem to decrease slightly for lower outside temperatures, and linear regression analysis indicates a 0.4% reduction for every 1°C decrease of the outside temperature. Similar trends are indicated regarding the influence of the sky temperature and the absolute humidity but these parameters are anyway correlated with the outside temperature. On the contrary the effect of the wind speed seems to be unimportant for the experimental greenhouses used in this work.
An overall heat transfer coefficient, U, based on the cover area can be determined of the form:
A similar actual overall heat transfer coefficient, U a , expressing the greenhouse wall thermal resistance can be defined on the basis of the actual difference between the inside and outside air temperatures, which constitutes the "potential" driving the heat losses through the greenhouse walls.
Q=U a A cov (Ta-To)
Estimates of such overall heat transfer coefficient using average values for each night are also presented in Fig. 4 . The average values for all nights are U IR = 3.64 W/m 2 °C for the IR heated system and U FA = 7.09 W/m 2 °C for the forced air heated greenhouse in agreement with previous comparable estimates (Feuilloley and Issanchou, 1996; Papadakis et al., 2000; Swinkels et al, 2001, Abdel-Ghany and Kozai 2006) .
Energy consumption
The direct comparison of energy consumption of the two heating systems presented in Fig. 6 indicates a consistent linear behavior (with a remarkably high Rsquared value). Energy savings deduced from this curve are in excellent agreement with the actual savings achieved during the heating period. Total energy consumption for both systems has been calculated on the basis of the consumption of each night estimated by the summation of all the integer minutes of operation for each system. This procedure estimated the total energy consumption as 580 kWh for the forced-air heated greenhouse and 333 kWh for the IR heated one, resulting in overall savings of the IR system equal to 43%. These estimates are within 1% of the corresponding energy consumption measurements obtained by the watt-meters
CONCLUSIONS
Although both heating systems have been proved successful in keeping the desired temperature at the plant canopy, the IR system resulted in inside air temperatures lower than the value targeted for the plants while the conventional heated greenhouse inside air had to be always at a larger than the reference temperature.
The reduced air temperature of the inside air in the IR heated greenhouse is associated with the reduced measured heating needs in comparison to the forced air heated greenhouse. Savings of 43% have been measured for the total thermal period, whereas measured savings averaged for individual nights range between 38-50%.
The IR system savings seem to be slightly depended on the outside temperature. Regression analysis indicates a 0.4% reduction of the savings for each 1°C decrease of the outside temperature. On the other hand wind speed does not seem to have an effect on the IR system efficiency.
In general all the data indicate that infrared heating is a reasonable alternative for greenhouse heating promising significant reduction of production cost accompanied by a reduction of the environmental impact. Pyrgeometer (model CGR3, spectral range 4500 -42000 nm, accuracy ±10%) All instruments and sensors were calibrated either using corresponding certified instruments as reference or using standard samples traceable to European or International standards. 
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